Methods for immobilizing glucose oxidase (GOx) on cellulose acetate (CA) membranes are compared. The optimal method involves covalent coupling of bovine serum albumin (BSA) to CA membrane and a subsequent reaction of the membrane with GOx, which has previously been activated with an ex¬ cess of p-benzoquinone. This coupling procedure is fairly reproducible and allows the preparation of thin membranes (5-20 irnl) showing high surface activities (1-3 U/cm2) which are stable over a period of 1-3 months. Electrochemical and radiolabeling experiments show that enzyme inactivation as a result of immobilization is negligible. A good correlation between surface activity of membranes and their GOx load is observed.
INTRODUCTION
The performance of an enzyme electrode is ultimately de¬ pendent on the ability of its enzymatic membrane to sustain * Author to whom correspondence should be directed. 1 Université Paris-Val de Marne. 2 University of Kansas. and protect the enzyme. Among the available methods of enzyme immobilization, four methods are currently used: adsorption followed by reticulation with Afunctional reagents such as glutaraldehyde (1) , covalent coupling between enzyme and activated support (2) (3) (4) (5) or activated enzyme and support (6) (7) (8) , and reversible immunological coupling (9) . Those in¬ volving covalent coupling to solid supports are of great interest since they generally yield the best activity stabilities (10) . Nevertheless two difficulties may be encountered: low levels of activatable or activated surface groups on the support and denaturation of enzyme if covalent coupling is accomplished through functional groups of the enzyme which are essential to its catalytic activity. Highly active and stable membranes may be prepared by acyl azide activation of reconstituted collagen films (2, 11) . However such membranes have been found to be too thick and too fragile, especially at 37°C, to be recommended for in vivo applications of enzyme electrodes.
As cellulose acetate (CA) membranes of different thickness and permeability may easily be prepared by film casting or coating and because they exhibit significant permselectivity toward anions (12) , we have studied their ability to support enzyme and be used for an in vivo implantable glucose sensor. The literature is abundant with reports of glucose sensors and many of these are used routinely for in vitro clinical determinations. Despite a history of more than 25 years {13), no completely reliable implantable sensor has yet been de¬ veloped (14) . For such applications a miniaturized sensor is needed and the fabrication of such devices through multilayer film deposition is a major problem. It (9, 16, 17 (17) , and the excess PBQ was separated by size ex¬ clusion chromatography (Figure 3) The first method is simple and rapid but not very accurate since hydrodynamic conditions are not well defined when membranes are freely stirred in the measuring cell. The second method is more accurate but takes into account membrane permeability to substrates and reaction products; furthermore a good contact between these thin membranes and the platinum disk is not trivial. Finally, the third method is definitely the most complicated because it requires 125I-GOx preparation and characterization, but it is also the most ac¬ curate and sensitive. Figure 4 shows the correlation between enzymatic activity, as monitored by surface activity, and the mass of immobilized enzyme. The mass of enzyme on the membrane of different membranes was controlled such that the amount of enzyme immobilized could be varied. All these data obtained just after coupling show an excellent correlation between surface activity and the mass of GOx immobilized. Furthermore when enzyme activities of these membranes, membrane, thus preventing further coupling. The effect of this treatment is shown in Figure 6 where it will be noted that the enzymatic activity tracks the mass of immobilized protein. Figure 6 . Relative evolution of surface GOx activity (O) and 125I-GOx amount (X) in a CA-BSA-PBQ-GOx membrane treated with lysine after coupling. development of in vivo glucose sensors. Figure 8 presents calibration curves of sensors prepared with such membranes. The linear ranges usually reach 2-3 mM glucose for such active collagen-GOx or CA-BSA-PBQ-GOx membranes indicating that, for higher glucose concentrations, the enzymatic reaction is the rate-limiting step. High linear ranges have been obtained either with less active CA mem¬ branes using a GOx entrapment procedure or with collagenGOx membranes covered with nonenzymatic CA membranes allowing external diffusion restriction (see Table II ). Indeed linear ranges as high as 15 mM are needed for potentially implantable glucose sensors (14) . This study underlines the importance of careful control of coupling conditions in order to achieve reproducible immo¬ bilization of enzyme with high activity and stability. The coupling methods described here are successfully adapted to needle-type microsensors (22) . An extended linear range, necessary for subcutaneous implantation, is achieved by adding an external membrane (polyurethane) with concom¬ itant sacrifice of sensitivity and to some extent response time. A complete evaluation of these microsensors is currently in progress.
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